. Systematic revision of Symbiodinium highlights the antiquity and diversity of reef coral endosymbionts. Curr.
Unicellular foraminifera that thrive in oxygen-depleted marine sediments respire nitrate when oxygen is scarce, explaining their early success. A new study shows that some foraminifera express denitrification genes acquired from prokaryotic ancestors.
The diversity of mitochondrial respiration has fascinated biologists for generations. Although mitochondria generally produce ATP by respiring oxygen, mitochondria of anaerobic eukaryotes use other terminal electron acceptors, such as organic molecules from central carbon metabolism [1] . Fungi in the Fusarium genus respire nitrate and oxygen simultaneously in their mitochondria in a process termed 'hybrid respiration' [2] . Remarkably, these fungi can also use elemental sulfur as a terminal electron acceptor and produce hydrogen sulfide [3] . In 2006, a group of unicellular protists called foraminifera were the first reported eukaryotes to reduce nitrate to dinitrogen -a complete denitrifying pathway -in oxygen-depleted ecosystems [4, 5] , likely explaining their success as early as the Cambrian era [5] . This finding ignited some debate as to whether their activity was a genomic trait acquired by ancient foraminifera from prokaryotes or whether denitrification was actually catalyzed by symbiotic denitrifying bacteria. A new study published in this issue of Current Biology by Woehle et al. [6] now provides the first genomic and transcriptomic evidence from two Globobulimina foraminifera species that their ability to denitrify is indeed an ancient inherited trait originally acquired by lateral gene transfer from prokaryotic ancestors.
Complete denitrification in prokaryotes requires the combined activity of four enzymes: nitrate reductase, nitrite reductase, nitric oxide reductase and nitrous oxide reductase ( Figure 1A) . Prokaryotes have evolved a diverse array of denitrifying enzymes to return reactive nitrogen to the atmosphere as inert N 2 , thus completing the nitrogen cycle [7] . Bacteria with complete denitrifying pathways thrive in oxygen-limited ecosystems where nitrogen oxides are readily available as electron acceptors. Foraminifera are abundant in the fossil record as far back as the Neoproterozoic to Early Cambrian era, when it is speculated that their symbiotic relationships with denitrifying bacteria were of utmost importance, as oxygen availability was quite low in marine ecosystems [1, 8] . Studies of modern unilocular foraminifera (also known as Allogromiida), which are considered more primitive than multilocular calcareous species, were shown to accumulate nitrate and harbor bacterial endobionts that express a gene, nirK, that encodes nitrite reductase [8] . The calculated abundance of endobionts per allogromiid could, in theory, account for previously measured rates of denitrification in environments where the organisms grow and thrive. Multilocular foraminifera also accumulate nitrate and denitrify in benthic sediments [5] . However, these species, as typified by the Globobulimina genus, harbor few endobionts (<100 per individual) [5] , leading Woehle and colleagues to question whether these foraminifera themselves encode and express genes required for complete denitrification.
The challenge for the authors was to find the full complement of genes in foraminifera genomes and transcriptomes to demonstrate their potential to completely denitrify nitrate to dinitrogen. Several thousand individuals of viable Globobulimina representing two species were manually picked from sediments for genomic and transcriptomic analysis along with measurements of their denitrification rates. The readily identified genes of prokaryotic ancestry included the copper-containing nitrite reductase (nirK) and a nitric oxide reductase with high similarity to the nitric oxide dismutase (norZ/nod) of the bacterium Methylomirabilis oxyfera [9] . This finding was intriguing, as Nod enzymes produce N 2 Dispatches NO molecules, and do not produce N 2 O [10] . However, the authors showed that Globobulimina do produce N 2 O as an intermediate in their denitrification pathway, suggesting that the NorZ homologue likely functions as a typical nitric oxide reductase rather than as a NO dismutase. This is an important finding to follow up on, as the clade of norZ genes that includes Methylomirabilis oxyfera sequences is being used as a proxy for NO dismutation in the environment [9] . The Globobulimina data suggest that NorZ homologues are more likely to be multifunctional and can also reduce NO to N 2 O. The final gene related to denitrifying activity that the authors identified in the Globobulimina genomes and transcriptomes was a nitrate transporter (Nrt). This gene was deemed of eukaryotic rather than prokaryotic origin based on phylogeny. The activity of Nrt is essential in denitrifying foraminifera as accumulation of intracellular nitrate to high concentrations precedes its reduction to N 2 [11] .
Although genomic information on foraminifera is scarce, the authors were able to find a smattering of homologues encoding NirK, NorZ and Nrt enzymes in related rotalid genomes. The phylogeny of the two genes of prokaryotic origin, nirK and norZ, suggests that their origins were from lateral gene transfer from a prokaryote to a eukaryotic ancestor. This mechanism differs from endosymbiotic gene transfer from a protomitochrondrial ancestor, which is how the fungal nirK gene was likely acquired [12] . The authors speculate that denitrification for foraminifera is similar to that described for fungi wherein nitrate brought into the cell by Nrt transporters is stored in vacuoles prior to transport into mitochondria. The denitrifying enzymes are localized to the mitochondrial intermembrane space (NirK) or inner membrane (NorZ). The two missing enzymes, nitrate reductase and nitrous oxide reductase, likely localize in the same space, suggesting that future efforts could be applied towards their identification using advanced approaches in microscopy and proteomics. The model proposed by the authors for denitrifying foraminifera suggests that a common mitochondrial respiratory chain is utilized to respire both oxygen and nitrate, lending flexibility in benthic ecosystems with fluctuating oxygen and nitrate gradients. Projecting back to the Early Cambrian, respiratory flexibility would be of great advantage to foraminifera and could explain their high abundance in otherwise oxygen-depleted ecosystems.
With identification of NirK, NorZ, and Nrt, several pieces of the denitrification puzzle in multilocular foraminifera have been resolved. However, the enzymes that catalyze the first and last steps of denitrification, the reduction of nitrate to nitrite and the reduction of nitrous oxide to dinitrogen, respectively ( Figure 1B ), remain to be discovered. The authors suggest that a eukaryotic assimilatory nitrate reductase (Nr) may be responsible for the first step, although this activity has yet to be validated. In addition, both nitrate reductase and nitrous oxide reductase genes were found in genome bins from prokaryotes associated with the Globobulimina; however, the very low abundance of associated microbes precluded their contribution to the measured rates of denitrification. For now, it remains unknown whether these two missing enzymes originate from eukaryotic or prokaryotic ancestry. Once resolved, this information will most certainly alter and expand the evolutionary model of nitrogen cycle enzymology.
The findings of the Woehle et al. [6] study have clearly shown that gene transfer from prokaryotes to early eukaryotes occurred outside of endosymbiosis and conferred an ecological advantage to multilocular calcareous foraminifera in low-oxygen environments. The work further illuminates that eukaryotes, in the absence of endobionts, are significant players in the nitrogen cycle. Future efforts to increase genomic and gene expression data of foraminifera will certainly deepen our knowledge of their evolution and physiology and may also lead to the discovery of novel enzymes in the nitrogen cycle. Current Biology Dispatches
